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ABSTRACT 
  In this manuscript, we present the hybrid materials with sulfur as an inorganic element. Initially, the 
network polymers with the polysulfide-bridged polyhedral oligomeric silsesquioxane (POSS) were 
synthesized and mixed with polystyrene (PS) and poly(methyl methacrylate) (PMMA). The resulting 
polymer blends showed higher thermal degradation temperatures than that of the polymer matrix similarly 
as typical hybrids. Next, it was found that the sulfur-bridging networks can increase refractive indices of 
the polymer matrices. Moreover, it was revealed that the loss of Abbe numbers was hardly observed by 
blending to conventional polymers. 
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Introduction 
Organic–inorganic polymer hybrids are materials prepared by mixing organic and inorganic building 
blocks at the nano or molecular scale. Hybrids have been studied as a platform for developing functional 
materials because of large potentials to present both advantages intrinsically originated from organic 
polymers and inorganic materials. As a typical example, by the combination with silicate and conventional 
polymers, thermally- and mechanically-stable flexible materials can be obtained.1−5 Indeed, these stability 
enhancements to the polymers is beneficial for preparing robust emissive materials. In addition, based on 
the well-dispersion state in the hybrids at the molecular scale, unique properties derived from the polymer 
moiety can be observed.6 By suppressing the self-quenching and undesired energy transfer between the 
chromophores incorporated into the hybrids, the bright and pure emissions from each chromophore were 
detected.6 As another instance, Endo et al. have reported the synthesis of sulfur-containing polymers from 
carbon disulfide.7,8 These materials are expected for various application such as the high refractive-index 
materials and the negative photo-resists.7,8 In addition, they also presented the hybrids with organic, sulfur, 
and zinc system.9 Hence, we can expect to obtain not only the preprogrammed functions but also the 
unexpected characteristics from hybrid materials. So far, despite the diversity of polymers, the most of 
inorganic elements are classified to the metal oxides, especially silicate. To extend the versatility of 
organic−inorganic hybrids and to receive further advanced functions, the establishment of the application 
method with other inorganic elements except for metal oxides on the hybrid formation is necessary. 
 
Sulfur (S8) is produced during the purification of petroleum. Even in the resource-poor country like 
Japan, sulfur is readily available. Most of sulfur is industrially used as a starting material for producing 
sulfuric acid. Several examples to offer the direct transformation of sulfur to the materials has been 
achieved.10,11 Takata et al. reported a reaction to connect trialkoxysilane structure with oligosulfide 
bridges.10 By using these polysulfide-bridging silane-coupling reagents, various properties of automobile 
tires can be favorably improved. More recently, the preparation method for the direct transformation of 
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sulfur to the plastic was reported.11,12 It was demonstrated that the final products can work as a highly-
efficient active layer as an electrolyte in the lithium battery. Especially, an introduction of sulfur element 
into the polymer structure is one of valid strategies for developing high-refractive index plastics13 with a 
high Abbe number,14−19 while there are very few examples to demonstrate the optical materials made 
directly by sulfur (S8) as a starting material. Hence, the development of new application manners with 
sulfur is of significance especially in the industrial fields in terms of the effective utilization of limited 
resources. 
 
Herein, we present the hybrid materials with sulfur as an inorganic element. The network polymers 
with the polysulfide linkers were initially synthesized. According to the general classification of the 
mixture composed of typical polymers such as polystyrene or poly(methyl methacrylate) and inorganic 
materials, the mixture with high homogeneity are regarded as an organic−inorganic hybrid. Based on this 
idea, we prepared the polymer blends with the polysulfide-bridging networks and commodity polymers. 
Similarly as classical silica-based hybrids, the enhancement of thermal stability to the polymer matrices 
was observed from the measurements of thermal degradation temperature. In addition, it was found that 
the polysulfide-bridging networks can increase refractive indices of the polymer matrices. Furthermore, 
it was revealed that the loss of Abbe numbers was hardly observed by blending to conventional polymers. 
This is the first example, to the best of our knowledge, not only to offer the direct transformation of sulfur 
to the hybrid materials but also to utilize the sulfur-containing products as an optical material. 
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Experimental Section 
General. 1H, 13C, and 29Si NMR spectra were measured with a JEOL EX–400 (400 MHz for 1H, 100 
MHz for 13C, and 80 MHz for 29Si) spectrometer. Coupling constants (J value) are reported in Hertz. The 
chemical shifts are expressed in ppm downfield from tetramethylsilane, using residual chloroform (δ = 
7.24 in 1H NMR, δ = 77.0 in 13C NMR) or residual tetramethylsilane (δ = 0.0 ppm in 29Si NMR) as an 
internal standard. Scanning electron microscopy (SEM) images were performed using a JEOL JSM-5600 
operated at an accelerating voltage of 10 kV. Differential scanning calorimetry (DSC) thermograms were 
carried out on a SII DSC 6220 instrument by using ca. 10 mg of exactly weighed samples at heating rate 
of 10 °C/min. The glass transition temperatures (Tg) were evaluated from the second monitoring curves 
after annealing at 80 °C for 5 h, followed by cooling to 30 °C. Thermogravimetric analysis (TGA) was 
performed on an EXSTAR TG/DTA 6220, Seiko Instrument, Inc., with the heating rate of 10 °C/min up 
to 500 °C under nitrogen atmosphere. Residual solvents were removed by keeping on the aluminum pan 
at 120 °C for 30 min before the TGA measurements. UV–vis absorption spectra were recorded with a 
SHIMADZU UV–3600 UV–vis–NIR spectrophotometer. Refractive indices (nD) were determined with a 
reflectance spectroscopy film thickness meter (FE-3000, Otsuka Electronics Co., Ltd, Osaka, Japan) at 
25 °C. The refractive indices of each wavelength in the visible region were calculated from the fitting of 
the data to the n-Cauchy approximation equation by entering the film thickness. The nD values were 
obtained as the refractive index at 589.3 nm. Abbe numbers (νD) were calculated from the refractive 
indices at 468.1 (nF), 656.3 (nC), and 589.3 nm according to equation 4. The van der Waals volumes of 
the POSS network and the monomer unit of PMMA and PS were calculated after the modeling using a 
semi-empirical AM1 method with Spartan ’06. The molar refraction of polysulfide was referred to the 
previous literature.20 PS (DP = 2,000) and PMMA (Mw = 700,000–750,000) were purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan) and Nacalai Tesque Inc. (Kyoto, Japan), respectively. The 
number-average molecular weight (Mn) and the molecular weight distribution [weight-average molecular 
weight/number-average molecular weight (Mw/Mn)] values of the POSS network were estimated as an 
absolute value by size-exclusion chromatography (SEC) with a TOSOH 8020 series [a dual pump system 
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(DP-8020), a column oven (CO-8020), and a degasser (SD-8022)] equipped with three consecutive 
polystyrene gel columns [TOSOH gels: α-4000, α-3000, and α-2500] and a refractive-index (RI-8020) 
and an ultraviolet detector (UV-8020) at 40 °C. Right-angle light scattering (RALS, light scattering at 
90°), low-angle light scattering (LALS, light scattering at 7°) and refractive index signals were recorded 
with a Malvern Viscotek 270 Dual Detector. The system was operated at a flow rate of 1.0 mL/min with 
THF as an eluent. Elemental analysis was performed with an AQF-100 (Mitsubishi Chemical Analytical 
Tech Co., Ltd., Kanagawa, Japan) at the Microanalytical Center of Kyoto University. 
 
Synthesis of the POSS network. Sulfur (S8, 375 mg, 1.46 mmol) was placed to the bottom of a two-
necked flask under argon atmosphere, and distilled THF (30 mL) was added. Then, the small pieces of 
Na blocks (75 mg, 3.3 mmol) were added to the suspension, and subsequently the reaction mixture was 
stirred for 70 °C for 3 h. After cooling to room temperature, 962 mg of octakis(3-iodopropyl)POSS21 (I-
POSS, 0.54 mmol) was added. After stirring at room temperature for 30 min, the reaction was quenched 
by adding an excess amount of water. The product was extracted with chloroform, and the organic layer 
was washed with brine. After removing the solvent with a rotary evaporator to the half volume, the POSS 
network was obtained as the yellow-colored chloroform solution. 1H NMR (CDCl3): δ = 3.22 (t, J = 13.8, 
1H), 3.01 (br, 0.4H), 2.09 (br, 0.4H), 1.93 (br, 1H), 0.81 (br, 1.4H) ppm. 13C NMR (CDCl3): δ = 39.3, 
27.3, 23.3, 21.3, 13.42, 13.37, 11.1, 10.0 ppm. 29Si NMR (CDCl3): δ = −67.1, −67.9 ppm. Elemental 
analysis: Calcd. [POSS-(S6)2.3(I)5.7] C 14.82, H 2.49, S 26.75, I 34.53, [POSS-(S7)2.3(I)5.7] C 14.19, H 2.38, 
S 29.85, I 33.08, Found C 10.33, H 2.24, S 28.38, I 33.31. 
 
Preparation of the blend films. The mixtures (20 mL) containing 1 g of polymers (PMMA or PS) and 
various amounts of the POSS network solution in chloroform were stirred at room temperature for 5 min. 
Spin coating (1000 rpm) was performed with a MIKASA Spin Coater 1H-D7 (MIKASA Co. Ltd., Tokyo, 
Japan) by dropping the mixture on the quartz plate (1 cm × 5 cm). The film samples were dried for 10 
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min under ambient condition. The resulting films on the quartz plate were used directly for the refractive 
index measurements. 
 
Calculation of refractive indices and Abbe numbers of the polymer blends. According to the Lorentz–
Lorenz equation, the theoretical values of a refractive index (n) of the polymer matrix (element 1) 
containing the POSS network (element 2) can be described using the molar fractions (α), molar refractions 
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where Vint and VVDE are the intrinsic and van der Waals volumes of the molecules, respectively. According 
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The Kp values were determined to be 0.68.24 The molar refractions of polymer matrices R1 were used 
according to our previous report.25 
Abbe numbers (νD) were calculated from the refractive indices at 468.1 (nF), 656.3 (nC), and 589.3 nm 
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Results and Discussion 
Refractive indices of the polymeric materials including mixtures and composites can be estimated with 
the Lorentz−Lorenz equation (equation 1).26 Because of high molar refraction of sulfur element, 
relatively-high refractive indices can be detected. According to equation 4, it is represented that there is 
the trade-off relationship between a refractive index and an Abbe number: An Abbe number decreases 
corresponded to the increase of a refractive index of the material. Indeed, by adding ZnS as a filler to 
poly(vinylpyrrolidone) films, the refractive index increased with drastically decreasing Abbe numbers.27 
From the series of reports on the development of high-refractive index polymers, it was suggested that 
the dependency of the refractive index of alkyl sulfide skeletons on the light wavelength intrinsically is 
small, leading to a high Abbe number. 
 
Without adding the heavy atoms involving sulfur element or aromatic compounds which can efficiently 
elevate the refractive indices of matrices, it is possible to increase the refractive indices of materials. 
Nishikubo et al. reported the significant enhancement of refractive indices of polymeric materials by 
modulating the polymer morphology.28−30 They prepared the sulfur element-containing polymers with or 
without connection of the end of polymer chains. Accordingly, from the series of the refractive index 
measurements with the polymeric samples with the same sulfur contents, they found that the dendritic 
polymers showed the highest refractive indices of the samples. Especially, the increase of refractive 
indices was significantly observed below the glass transition temperatures.31 It was summarized that the 
increase of the fragment density by the end packing should be responsible for the increase of refractive 
indices. They also proposed that the compact core could be much favorable for observing the larger 
enhancing effect on the refractive index by the end packing.  
 
As the sulfur containing organic−inorganic hybrids, it was reported that the thiol-modified random 
silsesquioxanes were applied for the preparation of higher refractive index organic−inorganic hybrids by 
thiol-ene reaction with allyl compounds.32 Polyoctahedral oligomeric silsesquioxanes (POSS, Scheme 1) 
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are well-known as molecular building blocks to construct thermally-stable materials as well as to improve 
the mechanical properties of materials.33−39 The rigid POSS structure can suppress the motions of 
surrounding molecules in media.40−45 In addition, the symmetrical structure of the silica cube could 
contribute to reducing entropy differences in phase transitions.46 Thereby, the molecular motion could be 
suppressed, resulting in the improvements of the thermal stabilities of POSS-containing composites.47 
The silica cage of POSS has another structural feature. POSS can be regarded as the linker with the 
compact size. For instance, the POSS-core dendrimers have smaller sizes than those of poly(amidoamine) 
dendrimer with the same generation possessing the ethylenediamine core.48−50 As a result, the guest 
molecules can be accumulate into the compact spaces by encapsulating into the POSS-core dendrimer. In 
summary, by using POSS as a cross-linking unit, the polymer chains can be accumulated into the compact 
spaces, resulting in the increase of local density. In addition, the molecular motions of polymer chains 





Synthesis of the POSS network was carried out by employing the substitution reaction from the iodine 
groups of I-POSS14 with sodium polysulfides according to the Takata’s reports10 (Scheme 1). In 
tetrahydrofuran, sulfur was treated with sodium metal, and then I-POSS was added. As a preliminary 
experiment, the length of the oligosulfide chain was estimated by the 1H NMR spectroscopic analysis of 
the products obtained by the reaction of the sodium salt with benzyl bromide as reported by Takata et al. 
(Figure S2).10 Accordingly, it is suggested that the average length was determined as five sulfur atoms. 
After stirring the mixture, the products were extracted with chloroform. By condensing with a rotary 
evaporation, the pale yellow colored sample solution was prepared. When the solvent was removed 
completely, the residue was never dissolved in chloroform again. Therefore, the solution state was kept 
for the storage. 
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The characterization of the product was executed. From the integration ratios of the 1H NMR peaks at 
the propyl moiety in POSS as shown in Figure 1a, the introduction ratio of polysulfide chains can be 
estimated as 29% of the eight vertices. In the 29Si NMR spectrum, the significant signal was observed at 
−67 ppm assigned to the T8 structure of silsesquioxane (Figure 1b). This result indicates that the cubic 
silica cage should be maintained after the reaction with sodium salt. Based on NMR and elemental 
analysis data, the average number of polysulfide chains in the single POSS unit was evaluated as 
approximately between 6 and 7 sulfur atoms. This value is similar to the result from the preliminary 
experiment with the benzyl bromide treatment. From these data, the averaged molecular weight of the 
single POSS unit was calculated. Finally, the absolute molecular weight was determined with the GPC-
LALS measurements (Figure 2). The new peak (Mn = 1,200, Mw/Mn = 1.47) was observed in the higher 
molecular weight region than that of I-POSS (Mn = 300, Mw/Mn = 1.08) in the profile. The degree of 
polymerization was calculated as 4 of POSS units. From these data, we concluded that the POSS network 
with the polysulfide linkers can be obtained. The signal peaks from thiol species were hardly obtained 
from the 1H NMR spectra. It is implied that most of the end thiol groups might be reconnected between 
the neighbor thiol groups after the reaction quenching. This fact suggests that the crosslinking could occur 
not only via the direct connection between POSS by the sodium salts of polysulfide but also by the 
reconnection between the thiol groups after reaction quenching. We confirmed that this preparation 
method possesses good reproducibility. From the comparison of 1H NMR spectra before and after storage 
for 1 month under the ambient condition in the chloroform solution, peak changes or appearances were 
hardly observed. These data indicate that the synthesized POSS network has high stability toward air and 
light. 
 
Figures 1 and 2 
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The polymer blends of the synthesized POSS network with conventional polymers (PMMA and PS) 
were prepared (Figure 3). Transparent films were provided as clear films from spin coating on the quartz 
substrate. The surface morphologies of the blend films were examined using SEM. Significant phase 
separation or aggregation was slightly observed in the blend films under 20 wt% POSS network with both 
matrices (Figure 4 and Figure S3). These results suggest that homogeneous dispersions of the POSS 
network were realized in polymers under 20 wt%. These data mean that the polymer blends satisfy the 
definition of hybrid materials where the organic and inorganic components are mixed at the nano or 
molecular scale. In other words, just by simply mixing with the POSS network, the organic−inorganic 
hybrids can be obtained. 
 
Figures 3 and 4 
 
Transparency of the blend films was evaluated with UV−vis absorption measurements (Figure S4). 
Significant light absorption was hardly observed in the visible region. These data indicate that the blend 
films possess high transparency. In the UV region, small absorption was detected. According to the 
previous work, the suppression of the light absorption in the UV region is feasible to maintain high level 
of Abbe numbers.22,51 It is suggested that POSS network could satisfy the demands for suppressing loss 
of Abbe numbers. 
 
Thermal stability of the blend films was monitored by TGA (Table 1). From the PMMA blends, the 
second degradation attributed to the main chain scission was suppressed by the addition of POSS network 
(Figure 5). It is likely that the molecular motion of PMMA main-chains was suppressed by the strong 
hydrophobic interaction between POSS and polymer main-chains, leading to the enhancement of thermal 
stability of polymer matrices.47 These data also support the statement that the POSS network can form a 
hybrid with polymer matrices. From the PS blend film, a slightly lower degradation temperature was 
observed. Since the aggregation of benzene rings could intrinsically occur in the PS film, it is implied that 
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the polymer blending might reduce the interaction among polymer chains, resulting in the decrease of the 
Td value. We also prepared the blend films with the polysulfide containing propyl groups instead of POSS. 
However, the degradation occurred at the drying step. This fact supports the POSS effect on the 
improvement of the stability of the materials. From the DSC measurements with the polymer blends, the 
decreases of Tgs of the polymer matrices were observed (Table 1). These data also support well dispersion 
states of the POSS network in the polymer blends. 
 
Table 1 and Figure 5 
 
Refractive indices of the blend films were measured. The values were determined as an average from 
the three data sets of at least five points in the same film. The theoretical values were estimated from the 
below procedure. In the case of amorphous polymers, the Kp values were determined to be 0.68.24 VVDWs 
were estimated with the computer modeling. The molar refractions of polymer matrices R1 were used 
according to our previous report.25 The molar refraction of the POSS network was calculated by using 
that of sulfur element in polysulfide according to Figure S1.20 Theoretical values were represented from 
the sum of the experimental values of the pure polymer films and the calculated values obtained the above 
equations. The results are shown in Figure 6a and Table S1. Corresponded to the increases of the amount 
of the POSS network, the increases of the refractive indices were observed in both polymer matrices. By 
adding 10 wt% POSS networks, the PMMA film showed the increase of refractive indices (1.4994, ∆nD 
= 0.0063). From the PS film with 20 wt% POSS networks, the increase of the refractive index (1.4994, 
∆nD = 0.0106) was observed. This fact clearly indicates that the POSS network should be responsible for 
increasing the refractive indices of polymer matrices. The higher values were obtained from the 
experiments than those of the theoretical values (10 wt% PMMA sample, 1.4942; 20 wt% PS sample, 
1.5744). These data are explained by three issues. First, similarly as the Nishikubo’s reports28−31, the 
fragment density of polysulfides could be enhanced by the connection with POSS. Second, because of the 
strong hydrophobicity of the silica cube, there is a possibility to generate the strong interaction between 
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the POSS units and the polymer chains. As a result, the POSS core could induce the assembly of the main-
chains of the polymer matrices. Thereby, the local density in the matrices increased. It means the increase 
of packing coefficients in the Lorentz−Lorenz equation (equation 1), resulting in the increase of refractive 
indices. Third, the molar refraction of polysulfide might be higher than the calculated value from the 
refractive index of sulfur. These three factors could cooperatively increase the refractive indices of the 
polymer matrices. The Abbe numbers were calculated from the refractive index data according to equation 
4 (Figure 6b). Interestingly, less significant changes were observed by increasing the amounts of the POSS 
network in both polymer matrices. The Abbe numbers are crucially influenced by the chemical 
composition of the materials in the glass materials.51 Therefore, it is assumed that by increasing the local 
density of matrices, only the high-refractive indices might be induced without loss of an Abbe number. 
In addition, it is also presumed that the intrinsic Abbe number of the POSS network might be in the similar 
range to those of polymers. Hence, the crucial changes could be detected in this concentration range of 
the POSS network. 
 
Figure 6  
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Conclusions 
According to the classification of the mixtures containing polymers and inorganic materials, the 
polymer blends with conventional polymers and the sulfur-bridged POSS network are regarded as a 
hybrid in this study. Our results involve three significant remarks: First, we demonstrate the preparation 
of the hybrid materials from sulfur based on the polymer blend. The hybrid film composed of polysulfide 
bonds was obtained. These characteristics could be applicable for the development of stimuli-responsive 
materials based on a variety of sulfur element-related chemical reactions. Second, by employing POSS, 
the homogeneous and thermally-stable hybrids can be readily obtained just with polymer blending. It is 
extremely easy to change the type of polymers. In addition, there is possibility that the hybrid materials 
might be produced by using substituted-POSS with other inorganic elements. Third, the synthesized 
network can work as a filler for increasing refractive indices of polymer matrices without critical loss of 
Abbe number. In particular, the connection with POSS could increase local density, resulting in the 
increase of refractive indices of the polymer matrices. Thus, it can be demonstrated that our concept 
presented here is advantageous not only for the facile preparation of hybrid materials except for metal 
oxide but also for the development of advanced functional materials. 
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Tables and Figures 
 
Table 1. Thermal and optical properties of the polymer blends with or without 10 wt% of the polysulfide-
bridging POSS network 
 PMMA  PS 
POSS content 0 wt% 10 wt%  0 wt% 10 wt% 
T20d (°C)a 263 360  388 358 
Tg (°C) 68 64  73 61 
nD 1.4931 1.4994  1.5728 1.5791 
νD 60 59  33 32 
aDetermined from the decomposition temperatures with 20 wt% mass loss. 
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Scheme 1. Synthesis of the polysulfide-bridging POSS network and the estimated chemical structure of 
the single POSS unit in the networka 
 
aReagents and condition: (a) Na, THF, 70 °C, 3 h; (b) octakis(3-iodopropyl)POSS, r.t., 30 min. 
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Figure 1. (a) 1H and (b) 29Si NMR spectra of the polysulfide-bridging POSS network in CDCl3. 
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Figure 2. GPC-LALS profiles of octakis(3-iodopropyl)POSS (gray line) and the polysulfide-bridging 
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Figure 4. SEM observations of the PMMA blend films with various amounts of the polysulfide-
bridging POSS network. Scale bars represent 1 µm. 
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Figure 5. TGA thermograms of (a) PMMA and (b) PS blends containing 10 wt% of the polysulfide-
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Figure 6. (a) Refractive indices (nD) and (b) Abbe numbers (νD) of the polymer blends with various 
amounts of the polysulfide-bridging POSS network. 
 
 
